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Edited by Peter BrzezinskiAbstract Accessory chlorophylls (BA/B) in bacterial photosyn-
thetic reaction center play a key role in charge-separation.
Although light-exposed and dark-adapted bRC crystal structures
are virtually identical, the calculated BA redox potentials for
one-electron reduction diﬀer. This can be traced back to diﬀerent
orientations of the BA ester-group. This tuning ability of chloro-
phyll redox potentials modulates the electron transfer from SP\
to BA.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Photosynthetic reaction centers from purple bacteria (bRC)
contain redox-active bacteriochlorophylla (BChla) (Fig. 1).
These cofactors are arranged in two branches with C2-symme-
try in the reaction center of bRC. They show signiﬁcant struc-
tural similarity and provide an apparently branched electron
transfer (ET) pathway, extending from a chlorophyll dimer
to two quinones.
The ET process is initialized by an electronic excitation at
the special pair BChla (SP), followed by a charge-separation
process where a delocalized positive charge remains on the
SP, while an electron is transferred along the ET-active A-Abbreviations: BA/B, accessory bacteriochlorophyll in A/B-branch of
bRC; BChla, bacteriochlorophylla; Bpheoa, bacteriopheophytina;
bRC, reaction centers from purple bacteria; Chla, chlorophylla;
ChlD1/D2, accessory chlorophyll in D1/D2-branch of PSII; Em, (mid-
point) redox potential; ET, electron transfer; HA, bacteriopheophytina
of the A-branch; PSII, photosystem II; R. sphaeroides, Rhodobacter
sphaeroides; SP, special pair BChla; SP\, special pair in the electronic
excited state
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doi:10.1016/j.febslet.2004.12.049branch from the accessory BChla (BA) via a bacteriopheophy-
tina (BPheoa, HA) to the quinones. The free energy level of the
intermediate anionic state BA plays a crucial role in the initial
phase of the ET process (reviewed in [1]). Here, we report cal-
culated redox potentials for one-electron reduction of BA in
bRC (Em(BA)), which are crucial to the charge-separation
and the initial steps of the ET process.2. Materials and methods
2.1. Coordinates
We used the light-exposed (PDB, 1AIG) and dark-adapted (PDB,
1AIJ) structures of the bRC from Rhodobacter (R.) sphaeroides [2].
The atomic coordinates were prepared in the same way as in previous
applications [3,4]. In all crystal structures, hydrogen atom positions
were energetically optimized with CHARMM [5]. During this proce-
dure, the positions of all non-hydrogen atoms were ﬁxed and all titrat-
able groups were kept in their standard protonation states (acidic
groups ionized and basic groups, including titratable histidines, pro-
tonated) while B, BPheoa and ubiquinone were kept in the neutral
charge redox states. Histidines that are ligands of BChla were treated
as non-titratable with neutral charge. The rotation angle of the 132-
methyl ester-group (–COOCH3, ester-group) (Fig. 1) was deﬁned along
the C–C axis as indicated in Fig. 2.
2.2. Atomic partial charges
Atomic partial charges of the amino acids were adopted from the
all-atom CHARMM22 [6] parameter set. In the protonated state,
the charges of acidic oxygens were both increased symmetrically
by +0.5 unit charges to account implicitly for the presence of the
proton. Similarly, the charges of all protons of the basic groups
of arginine and lysine were diminished symmetrically by a total unit
charge in the deprotonated state instead of removing a proton
explicitly. For residues whose protonation states are not available
in the CHARMM22 parameter set, appropriate charges were com-
puted [7]. For cofactors and residues whose charge states are not
provided in the CHARMM22 parameter set, the same atomic par-
tial charges were used as in previous work [3,4,8,9]. The atomic
charges of BChla and BPheoa (Supplementary Material, Tables S1
and S2) were determined from the electronic wave functions ob-
tained with the DFT method (B3LYP) with LACVP basis set
(i.e., 6-31G\ basis with eﬀective core potentials for heavy atoms)
by ﬁtting the resulting electrostatic potential in the neighborhood
of these molecules by the RESP procedure [10].
2.3. Atomic charges of SP
The ET events in bRC occur after electronic excitation of the SP
where they leave a positive unit charge. Hence, Em(BA), which is func-
tionally relevant for the charge separation/ET process, must be com-blished by Elsevier B.V. All rights reserved.
Fig. 1. Structure of (A) BChla and (B) Chla with IUPAC numbering scheme (R = phytol chain). The ester-group discussed in this paper is
surrounded by a circle.
Fig. 2. Orientation of accessory BChlA (BA) ester-group in (A) the
high potential form of BA in the dark-adapted, (B) the low potential
form of BA in the light-exposed bRC crystal structure from R.
sphaeroides. Methyl-group and oxygen atoms of the ester-group in BA
are displayed as white and dark spheres, respectively. The axis of the
ester-group torsion angle is shown as straight line in part A. Phytol
chains are not shown in the ﬁgure.
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BChla monomers of SP corresponds approximately to the charge dis-
tribution. Mutational studies on residues in the neighborhood of SP
showed that its spin density dependents on the H-bond pattern of
the BChla monomers [11,12]. Electrostatic computations suggested
that small conformational changes of substituents at BChla can shiftthe midpoint redox potential for SP (Em(SP)), which should also af-
fect the charge distribution pattern of the SP [13,14]. According to
ENDOR studies and previous computations of Em(SP) [14], a unit
positive charge was distributed with a ratio of SPþA =SPþB ¼ 68=32
[12].
Our computation is based on the electrostatic continuum model
treated by solving the linearized Poisson–Boltzmann (LPB) equation
with the program MEAD [15] as performed in previous applica-
tions [3,4,8,9]. The protonation patterns were sampled by a Monte
Carlo (MC) method with our own program Karlsberg [16]. The
dielectric constant was set to eP = 4 inside the protein and
eW = 80 for water as done in previous computations for bRC
[3,4,17], PSI [8] and PSII [9]. From the calculated redox probability
of the redox-active group, the Em is evaluated using the Nernst
equation. All computed results refer to pH 7.0 at 300 K and an io-
nic strength of 100 mM. As reference model system for the Em, we
used the measured solution value of Em(BChla) = 860 mV versus
NHE (normal hydrogen electrode) for one-electron reduction in
CH2Cl2 [18], which we modeled by a continuum dielectric with con-
stant e = 9. (See also Supplementary Material for error estimates for
the Em computation).
To facilitate a direct comparison with our previous computational
results, we use uniformly the same computational conditions and
parameters such as atomic partial charges and dielectric constants.
As a general and uniform strategy, all the crystal waters are re-
moved in our computations [3,4,17,19–21] because of the lack of
experimental information for hydrogen atom positions. Cavities
resulting after the removal of crystal water are uniformly ﬁlled with
solvent dielectric of e = 80. Crystal water could have a crucial inﬂu-
ence on Em(BChla) when it constitutes an axial ligand of BChla,
although it is not the case for bRC. This might be the case for
ChlD1/D2 in PSII, since no residues are ligated to these Chla in con-
trast to PD1/D2 Chla [22,23]. The inﬂuence of crystal water on Em(-
Chla) generally observed in our computations [9] is in the range of
20–30 mV.3. Results
In the two bRC crystal structures from R. sphaeroides, the
calculated values of Em(BA) were 867 and 933 mV in the
714 H. Ishikita et al. / FEBS Letters 579 (2005) 712–716dark-adapted and light-exposed structures, respectively.
Hence, Em(BA) in the dark-adapted structure is by 66 mV high-
er than that in the light-exposed structure, indicating that in
the dark-adapted structure the SPþBA state is energetically
more stable than that in the light-exposed structure. The lower
free energy level of SPþBA in the former could facilitate the ini-
tial ET/charge-separation process as compared to light-ex-
posed conditions. Interestingly, the two bRC structures diﬀer
by about 180 in the orientation of the BA ester-group (Fig.
2), which is not involved in H bonding. In our computation,
a 180 rotation of the BA ester-group relative to the orientation
in the dark-adapted structure resulted in a redox potential
down-shift by 29 mV, while a corresponding ester-group rota-
tion of BA in the light- exposed structure yielded an up-shift of
39 mV.Fig. 3. Orientation of ChlD1 ester-group in (A) the high potential form
of ChlD1 in the 3.2 A˚, (B) the low potential form of ChlD1 in the 3.5 A˚
PSII crystal structure. Methyl-group and oxygen atoms of the ester-
group are displayed as white and dark spheres, respectively. Phytol
chains are not shown in the ﬁgure.4. Discussion
4.1. Tuning ET by ester-group orientation in bRC
The energy of SPþBA, i.e., Em(BA) in the SP
+ state contrib-
utes crucially to the initial ET process [24–26]. Hence, in terms
of Em(BA), the dark-adapted structure is energetically more
favorable for ET (ET-eﬃcient conformer) than the light-ex-
posed structure (ET-ineﬃcient conformer). So far there is no
report about the diﬀerent BA ester-group orientations in
bRC. In general, the formation of BA is detected at 1020 nm
in optical absorption spectra [27].
Absorption spectra of bRC from R. sphaeroides studied by
Yakovlev et al. [28–30] suggested that the oscillatory mode ob-
served at 32 cm1 is probably related to small molecule rota-
tions, which may modulate the ET rate from the
electronically excited SP\ to BA. They tentatively assigned
crystal water W2 (PDB: 1AIG) [2] close to the BA ester-group
to play this role. This water may contribute to ET activity,
since the ET is blocked in 35% of bRC in dry ﬁlm going along
with a corresponding decrease of the amplitude of the 32 cm1
oscillation [28]. The ET tuning by this water will be faster than
alternative relaxation processes of protein environment [29].
The crystal water W2 forms an H bond with the BA keto-
group, whose strength may increase for reduced BA. This var-
iation is not strong enough to change Em(BA) as much as does
the BA ester-group orientation.
Besides the ET rate modulation by water, tuning of Em(BA)
by its own ester-group would encourage to complete the initial
charge separation process as a result of electron density ﬁxation
on BA, especially when the two states of SP
B0A and SP
þBA are
reversibly populated with equal amount [29]. In contrast to the
protein environment of quinones, there is no charged residue
around BA due to the hydrophobic protein environment that
is typical for a trans-membrane region [2]. Indeed, we did not
observe signiﬁcant change of protonation pattern in bRC upon
formation of the BA state. In addition, the acetyl-group of HA
also exhibits a signiﬁcant diﬀerence in orientation of about
180 between the two crystal structures (Fig. 2). In our compu-
tation, rotating the HA acetyl-group by 180 in the dark-
adapted (light-exposed) structure down-shifted (up-shifted)
Em(BA) by 48 mV (45 mV), which corroborates spectroscopic
studies [26,31]. Thus, rotation of BA ester-group together with
HA acetyl-group might be the only eﬀective way to tune the
Em of BA in such a hydrophobic region.4.2. Orientation of ChlD1 ester-group in PSII
Both bRC and photosystem II (PSII) belong to Type II
RC and share structural similarities [32]. Nevertheless, a
photo-reduction of accessory Chla in PSII (ChlD1/D2) has
not been reported yet. Instead, ChlD1 state is suggested to
be the primary donor in the charge separation [33–37]. Re-
cently, two crystal structures for PSII from Thermosynecho-
coccus elongatus were obtained at resolutions of 3.2 A˚ (PDB,
1W5C) [22] and 3.5 A˚ (PDB, 1S5L) [23]. There is no crucial
diﬀerence of the protein environment for ChlD1 between the
two crystal structures but atomic coordinates diﬀer in the
rotation angle of the ChlD1 ester-group (Fig. 3) by about
180, similarly to the two bRC crystal structures. Neverthe-
less, we must state that at a level of 3 A˚ resolution and
poorer, a clear discrimination between the –O–CH3 and
‚O edges of the ester-group in the electron density map
is not possible. Although there is no experimental evidence
for the existence of two distinct ester-group conformations
of ChlD1 in PSII, one could argue about two conformations
with diﬀerent occupancies. In high-resolution structures of
proteins, double occupancies of amino acid side chains are
occasionally observed.
Based on our computations, we suggest that the
Em(ChlD1) for one ester-group orientation is higher than
that for the other orientation. Indeed, the calculated values
of oxidation redox potential Eoxm ðChlD1=D2Þ showed an oppo-
site redox potential pattern in the two crystal structures.
Among the four Chla participating in P680, ChlD1 possesses
the lowest Eoxm in the 3.5 A˚ structure [9], while ChlD2 pos-
sesses the lowest redox potential in the 3.2 A˚ structure
(Ishikita et al., in preparation). Thus, the orientation of
the ester-group seems to play a crucial role for the calcu-
lated Eoxm ðChlD1=D2Þ in the two crystal structures. But, based
on these low resolution crystal structures [22,23], the present
computations are still inconclusive. Nevertheless, a suitable
orientation of the ester-group at ChlD1/D2 might be a key
for the charge separation process in PSII that aﬀects the re-
dox potentials Em(ChlD1/D2).
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